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Abstract.  Human umbilical vein endothelial cells 
(EC) were grown on elastic silicone membranes sub- 
jected to cyclic stretch,  simulating arterial  wall mo- 
tion.  Stretching conditions (20%  amplitude,  52 cy- 
cle/min)  stimulated stress fiber formation and their 
orientation transversely to the strain direction.  Cell 
bodies aligned along the same axis after the actin 
cytoskeleton. EC orientation response was inhibited by 
the adenylate cyclase activator,  forskolin (10  -5 M), 
which caused stress fiber disassembly and the redistri- 
bution of F-actin to the cortical cytoplasm. Preoriented 
EC depleted of stress fibers by forskolin treatment re- 
tained their aligned state.  Thus,  stress fibers are essen- 
tial for the process of EC orientation induced by 
repeated strain,  but not for the maintenance  of EC 
orientation. 
The monolayer formed by EC grown to confluence 
in conditions of intermittent  strain  consisted of uni- 
form elongated cells and was resistant to deformation. 
In contrast,  the monolayer assembled in stationary 
conditions was less compliant and exposed local denu- 
dations on initiation  of stretching.  When stretched in 
the presence of 10  -5 M  forskolin it rapidly (3-4 h) 
reestablished integrity but gained a heterogeneous ap- 
pearance since denuded areas were covered by giant 
cells. The protective effect of forskolin was because of 
the stimulation of EC spreading.  This feature of for- 
skolin was demonstrated while studying its action on 
EC spreading and repair of a  scratched EC monolayer 
in conventional culture.  Thus mechanical deformation 
and adenylate cyclase activity may be important  factors 
in the control of endothelium morphology in human 
arteries. 
T 
wo  major  morphologic  changes  occur  in  human 
arterial  endothelium with  aging;  it loses its orienta- 
tion,  and it becomes morphologically heterogeneous 
(19, 23). These events are believed to be related to atherogen- 
esis. Several approaches are proposed to obtain insight into 
the mechanism of  these phenomena.  Endothelial heterogene- 
ity is studied on enface preparations  and in primary culture 
that successfully reproduces the situation  in situ (3).  How- 
ever, the oriented state of endothelial  cells (ECs) ~  in the ar- 
tery fails to be modeled by conventional  cell growing tech- 
niques.  It requires vectoral factors  to be introduced to the 
culture conditions.  Among these factors, blood flow and the 
periodic stretch  of the artery wall are the most obvious.  It 
was demonstrated  that shear stress produced by the flow of 
liquid  leads to the elongation  and aligning  of cultured en- 
dothelial  cells in the direction of flow (10). Microfilament 
bundles revealed  in the endothelium  subjected to the shear 
stress in vivo and in vitro exhibited orientation parallel to the 
blood flow (25) and to the cells' long axis.  These findings 
suggested a close association between actin cytoskeleton dy- 
namics and the response of endothelium to mechanical  stim- 
ulation. 
1. Abbreviation  used in this paper:  EC,  endothelial cells. 
Periodic strain and relaxation produces similar orientation 
of the endothelial  monolayer as flow does (15). To provide 
information  on the mechanism of stretch-induced  orienta- 
tion,  we have grown human endothelium  on elastic silicone 
substrata cyclically stretched to simulate artery wall motion. 
In the present work, we report that EC orientation  is medi- 
ated by actin cytoskeleton rearrangement.  The increase of in- 
tracellular  cAMP levels  produced  by forskolin  results  in 
stress fiber disassembly,  F-actin redistribution  and blocking 
of the  EC  orientation  response.  The  combined action of 
elevated cAMP and repeated strain rapidly (3-4 h) converts 
the uniform endothelial monolayer into a heterogeneous one. 
We  propose  that  heterogeneity  may  develop  when  ECs 
spread to repair local denudations brought about by deforma- 
tion of the monolayer. 
Materials and Methods 
Materials 
Medium  199 (Earle salts), FCS, Dulbecco's PBS,  t-glutamine, penicillin, 
streptomycin, and sodium pyruvate were from Gibco Laboratories (Paisley, 
Scotland).  Sylgard  184 silicone elastomer kit was purchased  from Dow 
Corning Corp. (Midland, MI). Human platelet myosin was a generous gift 
of Dr. J. R. Sellers and IgG fraction of rabbit antiserum to human platelet 
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The Journal of Cell Biology, Volume 109, July  1989 331-339  331 myosin was presented by Professor R. S.  Adelstein (National Heart Lung 
and Blood Institute,  National Institutes of Health,  Bethesda,  MD).  An- 
tivimentin monoclonal antibody V9 was kindly donated by Professor K. We- 
ber and Professor M. Osborn (Max Planck Institute for Biophysical Chem- 
istry,  Gottingen,  FRG).  TRITC-phalloidin  was  purchased  from  Sigma 
Chemical Co. (St. Louis, MO). Forskolin (Calbiochem-Behring Corp., San 
Diego, CA) was dissolved in ethyl alcohol (E. Merck, Darmstadt, FRG) and 
stored as a stock solution in aliquots at -80°C.  Before use, aliquots were 
diluted  with  growth  medium  (medium  199  supplemented  with  25  mM 
Hepes, 2 mM L-glutamine,  1 mM pyruvate, penicillin at 100 U/ml, strep- 
tomycin  at  0.1  mg/ml,  20%  [vol/vol]  FCS)  and  sterilized  by  filtration 
through 0.22 #m filters (Nalge Co., Rochester, NY). All other compounds 
were of reagent grade. 
Cell Culture on Silicone Membranes 
Primary cultures of human umbilical vein EC were prepared according to 
Antonov et al. (2).  100-#m-thick transparent elastic membranes (20 mm x 
50 ram, 10 cm  z growth area) were solvent cast on a microscope slide using 
Sylgard  184 kit (Dow Coming Corp.) according to the manufacturer's in- 
structions. The lateral borders of the membrane were thickened to 200 gm 
to reduce narrowing of the central pan during stretching. To the shorter 
sides 30-mm-long pieces of injection needle were attached to ensure hook- 
ing of membrane in the stretching apparatus.  Membranes were hydrophy- 
lized by 1 min of immersion in concentrated sulfuric acid. After extensive 
washing, membranes were sterilized under UV light (2 h) and coaled with 
a sterile 0.1 mg/ml solution of human fibronectin in PBS. After 30 min of 
incubation, unbound fibronectin was washed out, and ECs were plated at 
a density of 5-8  ×  104 cells/cm  2 in a growth medium supplemented with 
endothelial cell growth factor (100 #g/ml). EC grown on unstretched mem- 
branes looked  morphologically  indistinguishable from endothelium cul- 
tured on plastic. The stretching apparatus (Fig.  1) was a modified version 
of the device described by Dartsch et al.  (9). 
Microscopy 
At the end of the stretching experiment, membranes were briefly rinsed with 
PBS at 37°C and fixed for 5 min in 2.5% glutaradehyde in PBS for silver 
staining  or  3.7%  formaldehyde  for  fluorescence.  Silver  staining of EC 
borders was conducted as described previously (4, 5, 27). TRITC-phalloidin 
was used to reveal F-actin in EC permeabilized with I% Triton X-100. The 
cells were photographed on a microscope (Diaphot-TMD; Nikon Inc., Gar- 
den City, NY) through a  10  x  objective and on a microscope (Photo III; 
Carl Zeiss Inc., Thornwood, NY) through a 40 ×  Planapo objective, using 
film (Tri-X Pan; Eastman Kodak Co.,  Rochester, NY),  and developed (in 
Diafine; Acufine, Inc.,  Chicago,  IL). 
Other Methods 
EC  shape and orientation were analyzed on silver nitrate-stained mono- 
layers  using a  MOP-3  digitizer (Reichert Jung,  Vienna,  Austria)  as de- 
scribed (2). Triton-insoluble cytoskeletons were prepared from EC grown 
to confluence on 60-mm petri dishes according to the protocol described 
by Holzapfel et al. (14) using 02 % Triton X-100. Cytoskeletal proteins were 
analyzed by SDS-PAGE in 7.5% gels (16). Immunoblotting was conducted 
according to Towbin et al.  (21).  For each step of sample preparation, the 
integrity of the monolayer remained unaltered. Enface preparations of hu- 
man aorta were made as previously described (2). 
Results 
Cyclic Stretching Causes EC Orientation 
EC  from human umbilical vein grown on silicone elastic 
membranes stretched at 52 cycle/min and 20 % amplitude for 
48 h  exhibited significant morphologic changes.  Cells be- 
came elongated and uniformly oriented (Fig. 2 A). Silver ni- 
trate staining revealed the intactness of EC monolayer formed 
on the stretched membranes (Fig. 2 C). The distinct visual- 
ization of cell borders obtained by this type of staining al- 
lowed us to quantitate EC orientation. It was found that the 
majority of cells aligned at 80°-120 ° to the strain direction 
Figure 1. The scheme of the apparatus for cyclic stretching of cul- 
tured  cell  on  elastic  membranes.  The  chamber  contained  three 
membranes in two separate compartments.  Two membranes were 
stretched identically, and the third one served as a  stationary con- 
trol.  The amplitude of stretching was regulated by fixing eccentri- 
cally metal rod (L) on the motor driving shaft at a desired distance 
(r)  from  the  axis.  The  frequency  of  stretching  was  adjusted  by 
means of the motor speed control.  The relative elongation of sili- 
cone  rubber  was  uniform  across  the whole  membrane  area.  The 
lateral thinning did not exceed 1% at 20% stretching amplitude. No 
surface structures,  which may cause cell orientation,  appeared on 
the membranes  after prolonged  repeated  stretching. 
(Fig.  3  B).  EC  in control experiments maintained a  ran- 
dom orientation regardless of whether membranes were un- 
stretched or fixed in a stretched position (Figs. 2, B and D, 
and 3 A). Morphologic changes of the endothelial monolayer 
brought about by periodic stretching and relaxation of the 
substratum were not peculiar to human umbilical vein EC 
only. Human aorta and lung artery EC in primary culture 
demonstrated the same behavior in this experimental model 
(data not shown). 
The Actin Cytoskeleton Is Involved  in the 
Orientation Reaction 
The actin cytoskeleton of EC grown on unstretched mem- 
branes was  similar to that observed  in conventionally cul- 
tured endothelium (26). It was represented by the cortical ar- 
ray of microfilaments and a moderate amount of stress fibers 
(Fig. 2 F). In the course of cyclic stretching, marked orienta- 
tion of stress fibers  coincident with the cell's long axis was 
observed  (Fig.  2  E).  Stress  fibers  appeared as  intensively 
stained  uninterrupted  cables  running  in  parallel  accord 
throughout the cytoplasm. The cortical system of the micro- 
filaments was reduced to a single but prominent band. After 
brief exposures of preconfluent EC to repeated strain (,,o10- 
15  min) the presence  of cells  with unusual distribution of 
stress  fibers  was observed.  Actin cables  in these cells  run 
parallel to each other and already perpendicular to the strain 
direction (Fig. 4 A). However, they showed no coincidence 
with the cell principal axis. The number of EC demonstrat- 
ing this type of actin cytoskeleton organization rapidly de- 
creased with time of mechanical stimulation. Later on, only 
EC possessing coordinated orientation of the cell body and 
actin cables were found on the silicone membranes. 
The Journal of Cell  Biology, Volume 109,  1989  332 Figure 2.  The effect of cyclic stretching  on EC orientation and actin cytoskeleton organization. EC were grown on silicone membranes 
subjected to stretches and relaxations at 20% amplitude and 52 cycle/min for 48 h (A, C, and E); EC on unstretched  membranes served 
as a stationary control (B, D, and F). (A and B) phase contrast; (C and D) silver nitrate staining. (E and F) TRITC-phalloidin  fluorescence. 
Arrows  show the direction of strain.  Bars,  (A-D)  100/~m,  and (E and F) 20 #m. 
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Figure 3. Histograms showing EC orientation in response to cyclic 
stretching. Percent of EC is plotted as a function of the angle be- 
tween cell long axis and the strain direction. (A) stationary control; 
(B) EC after 24-h cyclic stretching; EC stretched for 1.5 h in the 
absence (C) and in the presence (D) of 10  -5 M forskolin. 
Forskolin Inhibits Orientation of EC and 
Affects Stress Fibers 
The stretch-induced orientation response of  EC may be effec- 
tively counteracted by the addition of forskolin. Preincuba- 
tion of endothelium with  l0  -5  M  forskolin for  1.5  h  fol- 
lowed by a  further  1.5  h  of stretching in the presence of 
forskolin significantly inhibited the orientation reaction. EC 
retained a rather random orientation (Fig. 3 D), while most 
of the cells stretched in the absence of forskolin for the same 
time aligned at angles of 80°-120 ° to the strain direction (Fig. 
3  C).  Examination of the actin cytoskeleton in forskolin- 
treated stretched and unstretched EC revealed a similar pic- 
ture (Fig. 4 B). Actin bundles disappeared from the central 
part of the EC, leaving only the cortical array of microfila- 
ments. SDS-PAGE revealed several protein bands in Triton 
X-100 insoluble cytoskeletons of EC (Fig. 5). Polypeptides 
with  relative  molecular  masses  of 200  and  43  kD  were 
identified as myosin heavy chain and actin on the basis of 
their comigration with human platelet myosin and skeletal 
muscle  actin,  respectively.  A  55-kD  protein  band  cross 
reacted with vimentin antibody on immunoblots (data not 
shown). Using these electrophoretic techniques, we did not 
find substantial changes in the amount of actin and vimentin 
associated with Triton-insoluble cytoskeleton after exposure 
of EC to forskolin (Fig. 5). On the contrary, the intensity of 
the myosin band decreased about four times, as calculated 
from densitometric scans of electrophoretic bands shown in 
Fig. 5. Immunoblotting confirmed the results of electropho- 
resis and demonstrated that the staining of the myosin band 
with antiplatelet myosin antibodies was markedly reduced in 
forskolin-treated EC (Fig. 5). The total amount of the pro- 
teins mentioned above did not change in EC during the time 
of experiments (data not shown). When oriented EC were 
further stretched in the  presence of 10  -5  M  forskolin for 
1.5 h, the amount of stress fibers was reduced as in station- 
ary  culture,  but  orientation  of EC  remained  unchanged 
(Fig. 4  C). 
Cyclic  stretching  conditions  were  found  to  induce  the 
elaboration of actin bundles.  EC were pretreated with for- 
skolin to remove existing stress fibers.  Repeated strain of 
these cells for 3 h resulted in the massive formation of stress 
fibers and the orientation response (Fig. 4 D). No actin bun- 
dles appeared in forskolin-pretreated but mechanically un- 
stimulated EC over this period of time. Cells looked similar 
to those shown in Fig. 4 B. The induction of microfilament 
bundles in the course of cyclic stretching may be observed 
in EC without their special pretreatment though not so obvi- 
ous (Fig. 2, E and F). 
Combination of Cyclic Stretching and Forskolin 
Stimulates EC Heterogeneity 
Preconfluent EC (5 d) growing under the action of intermit- 
tent strain assembled in a uniform, oriented monolayer that 
maintained integrity in spite of stretching (Fig. 6 A).  This 
monolayer showed close similarity to the in situ organization 
of the endothelial lining in a child's aorta (Fig. 6 B). In con- 
trast, the monolayer assembled in stationary conditions (Fig. 
2, B and D) could not resist repeated mechanical deforma- 
tion and displayed local denudations in zones of high cell 
density.  However,  in  the  presence of 10  -5  M  forskolin it 
rapidly (3--4 h) regained integrity but became heterogeneous, 
containing giant cells (Fig. 6 C). This monolayer reproduced 
the heterogeneous appearance of the endothelium in adult 
human aorta (Fig. 6 D). The large size of the cells covering 
denudations was probably because of their spreading. To test 
this hypothesis, we studied the effect of forskolin on EC be- 
havior in stationary culture. Fig. 7 shows the process of EC 
spreading in the multiwell chamber 30 min after plating. In 
the presence of l0  -5 M forskolin, cells have already spread 
(Fig. 7 B), while in control wells spreading was consider- 
ably delayed (Fig. 7 B).  1 h later, EC in all wells were com- 
pletely spread and indistinguishable from each other (data 
not shown). Fig. 7 (C-F) depicts the process of monolayer 
repair. At zero time, a scratch was made on the monolayer 
with the tip of pasteur pipette (Fig. 7, C and D) and repair 
was monitored by phase-contrast microscopy. When forsko- 
lin  (10  -5  M)  was  present in the medium,  the  scratch was 
completely covered by EC within 3 h after its application 
(Fig.  7  F).  Cells  covering the  deendothelized area  were 
mononucleated and of larger size than EC located far from 
the repaired zone. The control scratch remained uncovered 
The Journal of Cell Biology, Volume  109,  1989  334 Figure 4. EC actin cytoskeleton rearrangement in the course of cyclic stretching.  (A) The example of preconfluent endothelial cell demon- 
strating the unusual  distribution of stress fibers (double arrowhead) after  15 rain of cyclic stretching;  (B) unstretched EC treated with 
10  -5 M forskolin for 3 h; (C) the disappearance of stress fibers from oriented EC after 10  -5 M forskolin addition; (D) induction of stress 
fibers in forskolin pretreated EC by pulsatile strain for 3 h. TRITC-phalloidin fluorescence. Arrows show the direction of stretching where 
applied.  Bars, 20/zm. 
Figure 5.  The effect of forskolin ad- 
dition  on  F-actin,  myosin,  and  vi- 
mentin  content  in  Triton-insoluble 
cytoskeleton of EC.  SDS-PAGE  of 
Triton-insoluble EC proteins before 
(lane 1) and after (lane 2) 1.5-h prein- 
cubation of EC with  10  -5 M  forsko- 
lin at 37°C; (lanes 3 and 4) immuno- 
blots of lanes 1 and 2,  respectively, 
stained  with  antibodies  to  human 
platelet  myosin;  m,  myosin;  v,  vi- 
mentin; and a, aetin. 
after 3 h (Fig.  7 E) and was finally "healed" 24 h later (data 
not shown). 
Discussion 
In vitro and in situ experimental data suggest that longitudi- 
nal orientation of endothelium in the arteries is attributed to 
the combined action of shear stress produced by the flow of 
blood  and  stretching  of the  artery  wall  that  accompanies 
blood pulsation  (10,  15,  13).  Other cellular constituents  of 
the vessel wall like smooth muscle cells and fibroblasts are 
not normally exposed to the shear stress but also get oriented 
in  response to cyclic stretching  (6,  7,  8,  9).  The amplitude 
of stretching used  in different studies,  including  this  work, 
varied from 2%  to 20%,  affecting the velocity and the final 
angle of orientation of the cultured cells (8). Since compara- 
ble amplitudes  of stretching  are achieved in the arteries  in 
vivo (18), one can suppose that cyclic stretching plays an im- 
portant  role in creating the architecture  of arterial  wall. 
Shirinsky et al. Regulation of Endothelium Orientation and Size  335 Figure 6. The morphologic appearance of EC monolayer produced by cyclic stretching shows the similarity to in situ organization of en- 
dothelium in human aorta.  (A) Homogeneic, oriented monolayer formed after 48-h periodic  stretching of preconfluent EC; (B) the en- 
dothelial lining of child's aorta;  (C) heterogeneous, oriented monolayer is formed as a result of the combined action of cyclic stretching 
and  10  -5 M forskolin on the confluent EC; and (D) endothelial lining of adult human aorta.  (A, B, and D) Silver nitrate staining. (C) 
Combination of  silver nitrate staining and phase contrast; a single nucleus is visible in the center of  each giant cell. Arrows show the direction 
of strain applied to the silicone membrane and the vessel wall. Bars, 40/~m. 
The mechanisms of EC orientation in response to mechan- 
ical stimulation remain obscure.  Several studies pointed to 
the  involvement of the  actin  cytoskeleton in  this  process. 
Shear  stress  was  reported  to  induce  elaboration  of actin 
stress fibers and their further orientation along the long axis 
of EC (11). In the present work, we demonstrated that similar 
events  occur  to  the  actin  cytoskeleton  of EC  repeatedly 
stretched on the silicone films (Figs. 2 E and 4 D). However, 
in  this  case  actin bundles  oriented  perpendicularly  to the 
strain while in shear-stressed EC they aligned parallel to the 
shear force. Different behavior of the actin cytoskeleton in 
EC experiencing repeated strain or shear stress is probably 
related to the pattern of force distribution in these two cir- 
cumstances. Shear stress acts on the apical surface of EC and 
tends to tear them off from the substrate.  Hence, the stress 
fibers oriented along the flow counteract the action of shear 
stress most effectively. On the contrary, cyclic stretching ex- 
erts its action on the whole cell body, including membrane- 
substratum attachment sites. It selectively breaks stress fibers 
that run parallel to the strain but leaves intact actin bundles 
lying perpendicular to the strain. For the same reasons, the 
elaboration of the new stress fibers is now restricted to be 
perpendicular to the direction of external force. On the basis 
of their findings, Franke et al. (11) have postulated that mi- 
crofilament bundle aligning is not directly related to the ac- 
tion of shear stress and takes place after EC orientation (11). 
Our data suggest that in the case of EC stretching actin bun- 
dle aligning  may precede the cell body orientation.  After 
very short exposures to the pulsatile strain (10-15 min), we 
were able to observe cells with transverse or oblique distri- 
bution of stress fibers with respect to the cell long axis (Fig. 
4 A). We refer these cells to the short-living intermediates 
that  then  quickly  gain  the  coordinated  orientation  of the 
stress fibers and cell axis. Similar cell images cross-striated 
with stress fibers were described by Dartsch and Hammerle 
(8) in the course of cyclic stretching of vascular smooth mus- 
cle cells.  They were also regarded as the transient forms. 
None of the previous studies have demonstrated the chemi- 
The Journal of Cell Biology, Volume 109,  1989  336 Figure  7. Forskolin accelerates  EC spreading and repair of the scratched monolayer. Spreading of EC in the multiwell chambers 30 min 
after plating in the absence (A) and in the presence (B) of 10  -5 M forskolin. (Cand D) The hole was made in the monolayer by scratching 
it with the Pasteur pipette. 3-h time point of the scratch covering in the absence (E) and in the presence (F) of 10  -5 M forskolin is shown. 
Phase contrast.  Bars, 50 #m. 
cal  way  to  regulate  mechanically  induced  orientation  re- 
sponse of cultured cells. In the present work, we showed that 
adenylate cyclase activator forskolin that causes cAMP eleva- 
tion in EC (2) was able to inhibit endothelium aligning in- 
duced  by cyclic  stretching  (Fig.  3).  We observed that  the 
treatment of EC with forskolin affects the organization of the 
actin  cytoskeleton.  Forskolin  causes  the  disappearance  of 
stress fibers and dense packing of the cortical microfilaments 
(compare Fig. 2 F and Fig. 4 B). The drug is equally effec- 
tive in the stationary and repeatedly stretched EC (Fig. 4, B 
and  C).  However, already oriented cells depleted  in stress 
fibers (Fig. 3, C) do not lose orientation for at least several 
hours. Thus, our results support the involvement of the actin 
cytoskeleton in stretch-induced orientation response of EC 
and, possibly, its primary aligning with respect to that of cell 
body. On the other hand, stress fibers are apparently not re- 
quired  for the maintenance of oriented state of EC. 
While  decreasing  the  number of stress  fibers,  forskolin 
Shirinsky et al.  Regulation of Endothelium Orientation and Size  337 does not significantly reduce the amount of F-actin. This was 
demonstrated by SDS-PAGE of Triton X-100-resistant cyto- 
skeletons of EC (Fig. 5). The amount of actin in the samples 
of the cytoskeletons was independent of pretreatment  of EC 
with forskolin. Perhaps, forskolin activates in EC the cAMP- 
regulated pathway of stress fiber disassembly and redistribu- 
tion of the filamentous actin to the cortical cytoplasm. 
The  differential  action  of  forskolin  on  the  cortical 
microfilaments and  stress  fibers suggests  that the elevated 
cAMP does not affect F-actin itself but rather some of the 
actin-binding proteins that stabilize microfilament associa- 
tions.  One of the candidates  for this role could be myosin 
which colocalizes with stress fibers in nonmuscle cells but 
is  frequently  absent  from the  cell  periphery  (12).  It  was 
found that concomitantly with the stress fiber disappearance, 
the amount of myosin associated with EC cytoskeletons de- 
creased about fourfold (Fig. 5). Perhaps the treatment of EC 
with forskolin,  via  cAMP-dependent  inhibition of myosin 
light chain kinase (1), induces the depolymerization of non- 
muscle myosin filaments (20, 22) and subsequent disassem- 
bly  of stress  fibers.  Thus,  the  elevation  of cAMP  in  EC 
inhibits their ability to orient in response to mechanical stim- 
ulation, and this inhibition may be explained by the cAMP- 
dependent alterations  in the actin cytoskeleton. 
In contrast to the endothelial monolayer formed from pre- 
confluent  cells  in  the  course of cyclic  stretching,  the  EC 
monolayer assembled in the stationary conditions has the re- 
duced tolerance to the strain.  It displayed the local denuda- 
tions on initiation of stretching especially in the zones of high 
cell density.  We noticed that in the presence of forskolin the 
integrity  of periodically  stretched  monolayer  was  readily 
regained, but its morphology changed drastically.  Cells be- 
came heterogeneous in size (compare Fig. 2 D and Fig. 6 C). 
We hypothesized that giant ECs originated from the cells of 
normal  size,  stimulated  by  forskolin  to  spread  over  the 
denuded areas.  In additional experiments conducted in the 
absence of repeated  strain,  we confirmed the ability of for- 
skolin  to accelerate  EC  spreading  from the  rounded  state 
(Fig. 7, A and B) as well as the repair of the scratched  mono- 
layer  (Fig.  7, C-F). Thus,  our data point to the important 
role of adenylate  cyclase in the reparation  of the defects in 
endothelial monolayer via increasing size of individual cells. 
Morphologically heterogeneous endothelium is widely pres- 
ent in aorta of adult human (Fig. 6 D) whereas it is not nor- 
mally found in child's aorta (Fig. 6 B) and animal arteries. 
Heterogenization  of human  endothelium  is believed  to be 
related  to atherogenesis.  However, the origin of human  en- 
dothelium heterogeneity is currently unknown. One hypoth- 
esis explains heterogeneity by the accumulation of the large 
multinuclear EC (3). On the basis of our results with forsko- 
lin-stimulated  EC spreading, we propose that along with poly- 
ploidization of EC another mechanism may account for the 
endothelium heterogeneity  in situ. It involves the rapid cAMP- 
dependent spreading of the mononuclear EC over the local 
denudations in endothelial lining of the artery that may be 
produced  by  various  causes.  Among  the  possible  factors 
damaging the endothelium integrity,  one may name the non- 
uniform stretching  and the turbulent  flow in the vicinity of 
developing atherosclerotic plaques. Recent observations that 
mechanical deformation may really cause the reversible loss 
of contacts between EC in situ  (13)  support  the possibility 
of this mechanism. 
We are grateful to Dr. P. Dartsch (Tubingen University, Tubingen, FRG) 
for sharing his experience in cyclic  stretching of vascular cells and to Mr. 
N. A. Shatalov  and Mr. I. K. Evstifeev for skillful  engineering while con- 
structing the stretching apparatus. We would like  to thank Professor K. 
Weber and Professor M.  Osborn for providing antivimentin monoclonaI 
antibodies, and Dr. J. R. Sellers  for his gift of human platelet myosin. We 
are indebted  to Prof. R. S. Adelstein  for presenting us antibodies to human 
platelet  myosin. 
Received  for publication  5 August 1988 and in revised form 9 March 1989. 
References 
1.  Adelstein,  R. S., M. A. Conti,  D. R.  Hathaway,  and C.  B.  Klee. 1978. 
Phosphorylation of smooth muscle myosin light chain kinase by catalitic 
subunit of adenosine 3':5'-monophosphate-dependent  protein  kinase. J. 
Biol.  Chem.  253:8347-8350. 
2. Antonov, A. S., M. E. Lukashev, Y. A. Romanov, V. A. Tkachuk, V. S. 
Repin,  and V.  N.  Smirnov.  1986. 'Morphological  alterations  in endo- 
thelial cells from human aorta and umbilical vein induced by forskolin 
and phorbol ester PMA: a synergistic action of adenylate cyclase and pro- 
tein kinase C activators.  Proc.  Natl.  Acad.  Sci.  USA.  83:9704-9708. 
3. Antonov, A. S., M. A. Nikolaeva, T. S. Klueva, Y. A. Romanov, V. R. 
Babaev, V. B. Bystrevskaya, N. A. Perov, V. S. Repin, and V. N. Smir- 
nov.  1986. Primary culture of endothelial cells from atherosclerotic hu- 
man aorta. 1. Identification, morphological and uhrastructural character- 
istics of two endothelial  subpopulations. Atherosclerosis.  59:1-19. 
4.  Booyse, F. M., B. J. Sedlack, and M. E. Rafelson. 1975. Culture of arterial 
endothelial cells: characterization and growth of bovine aortic cells. 7hromb. 
Diath.  Haemorrh.  34:825-839. 
5.  Booyse, F. M., G. Osikowicz, and A. Quarfoot.  1981. Effects of chronic 
oral consumption of nicotine on the rabbit aortic endothelium.  Am.  J. 
Pathol.  102:229-238. 
6.  Buck, R. C.  1980. Reorientation response of cells to repeated stretch and 
recoil of the substratum.  Exp.  Cell Res.  127:470-474. 
7.  Buck, R. C.  1983. Behavior of vascular smooth muscle cells during repeated 
stretching of substratum in vitro. Atherosclerosis.  46:217-223. 
8.  Dartsch,  P. C., and H. Hammerle.  1986. Orientation response of arterial 
smooth muscle cells to mechanical stimulation.  Fur.  J.  Cell Biol.  41: 
339-346. 
9.  Dartsch, P. C., H. Hammerle, and E. Betz. 1986. Orientation of cultured 
arterial smooth muscle cells growing on cyclically stretched substrates. 
Aeta Anat.  125:108-113. 
10.  Dewey, S.  F., S.  R.  Bussolari,  M.  A. Gimbrone,  Jr., and P.  F.  Davies. 
1981. The dynamic response of vascular endothelial cells to fluid shear 
stress. J.  Biomech~  Eng.  103:177-185. 
I I. Franke,  R.-P.,  M. Grafe,  H. Schnittler,  D. Seiffge, G. Mittermayer,  and 
D.  Drenckhahn.  1984. Induction of human vascular endothelial  stress 
fibers by fluid shear stress.  Nature  (Lond.) 307:648-649. 
12.  Heggeness, M. H., K. Wang, and S. J. Singer.  1977. lntracellular distribu- 
tion of mechanochemical  proteins  in cultured  fibroblasts.  Proc.  Natl. 
Acad.  Sci.  USA.  74:3883-3887. 
13.  Herman,  I. M., A. M.  Brant, V. S. Warty,  J.  Bonaccorso,  E. C.  Klein, 
R.  L. Kormos, and H. S. Borovetz. 1987. Hemodynamics and the vascu- 
lar endothelial cytoskeleton. J.  Cell Biol.  105:291-302. 
14.  Holzapfel, G., J. Wehland, and K. Weber.  1983. Calcium control of actin- 
myosin based contraction  in Triton  models of mouse 3T3 fibroblasts is 
mediated by the myosin light chain kinase (MLCK)-calmodulin complex. 
Exp.  Cell Res.  148:117-126. 
15.  Ives, S. L., S. G. Eskin, and L. V. Mcintire.  1986. Mechanical effects on 
endothelial  cell morphology:  in vitro  assessment.  In  Vitro  Cell.  Dev. 
Biol.  22:500-507. 
16.  Laemmli, U. K.  1970. Cleavage of structural proteins during the assembly 
of the head of bacteriophage T4.  Nature  (Lond.).  227:680-685. 
17.  Lewis, J. S.,  R. G. Taylor,  N. D. Jones, R. W. Clair, andJ. F. Cornhill. 
1982. Endothelial surface characteristics  in pigeon coronary artery ath- 
erosclerosis. I. Cellular alterations during the initial stages of dietary cho- 
lesterol challenge.  Lab.  Invest.  46:123-138. 
18.  Patel, D. J., J. C. Greenfield, Jr., and D. L. Fry.  1964. In vivo pressure- 
length-radius relationship of  certain blood vessels in man and dog. In Pul- 
satile Blood Flow. E. O. Attinger, editor. McGraw-Hill Inc., New York. 
293-306. 
19.  Repin, V. S., V. V. Dolgov, O. E. Zaikina, I. D. Novikov, A. S~ Antonov, 
M. A. Nikolaeva, and V. N. Smirnov.  1984. Heterogeneity of endothe- 
lium in human aorta. A quantitative analysis of scanning electron micros- 
copy. Atherosclerosis.  50:35-52. 
20.  Scholey, J. M., K. A. Taylor, and J. Kendrick-Jones.  1980. Regulation of 
nonmuscle myosin assembly by calmodulin-dependent light chain kinase. 
Nature  (Lond.).  287:233-235. 
21. Towbin,  H., T. Staehelin, and J.  Gordon.  1979. Electrophoretic transfer 
of proteins from polyacrylamide gels to nitrocellulose sheets: procedure 
and some applications.  Proc.  Natl.  Acad.  Sci.  USA.  76:43504354. 
The Journal of Cell Biology, Volume  109, 1989  338 22.  Verkhovsky, A. B., I. G. Surgusheva, T. M. Svitkina, I. S. Tint, and V. I. 
Gelfand.  1987. Organization of stress fibers in cultured fibroblasts after 
extraction of actin with bovine brain gelsolin-like protein. Exp.  Cell Res. 
173:244-255. 
23.  Vikhert,  A. M., and V. N. Rosinova.  1982. On the endothelial lining of 
human arteries at genesis of the atherosclerotic  plaque.  In Vessel Wall 
in Athero-  and  Thrombogenesis.  Studies  in USSR.  E.  1.  Chazov  and 
V. N. Smirnov,  editors.  Springer-Verlag,  Berlin. 3-12. 
24.  Deleted in proof. 
25. Wong, A. J., T. D. Pollard, and I. M. Herman.  1983. Actin filament stress 
fibers  in  vascular  endothelial  cell  in  vivo.  Science  (Wash.  DC). 
219:867-869. 
26.  Wong, M. K. K., and A. J. Gotlieb.  1986. Endothelial cell monolayer in- 
tegrity.  I. Characterization  of dense peripheral  band of microfilaments. 
Arteriosclerosis.  6:212-219. 
27.  Zand, T., J. M. Underwood, J. J. Nunnari, O. Majno, and I. Joris.  1982. 
Endothelium and "silver lines." An electron microscopic study. Virchows 
Arch.  Pathol.  Anat.  395:133-144. 
Shirinsky et al. Regulation  of Endothelium Orientation  and Size  339 